Directed cell migration requires the coordination of growth factor and cell adhesion signaling and is of fundamental importance during embryonic development, wound repair, and pathological conditions such as tumor metastasis. Herein, we demonstrate that the ArfGAP, paxillin-kinase-linker (PKL/GIT2), is tyrosine phosphorylated in response to plateletderived growth factor (PDGF) stimulation, in an adhesion dependent manner and is necessary for directed cell migration. Using a combination of pharmacological inhibitors, knockout cells and kinase mutants, FAK, and Src family kinases were shown to mediate PDGF-dependent PKL tyrosine phosphorylation. In fibroblasts, expression of a PKL mutant lacking the principal tyrosine phosphorylation sites resulted in loss of wound-induced cell polarization as well as directional migration. PKL phosphorylation was necessary for PDGF-stimulated PKL binding to the focal adhesion protein paxillin and expression of paxillin or PKL mutants defective in their respective binding motifs recapitulated the polarization defects. RNA interference or expression of phosphorylation mutants of PKL resulted in disregulation of PDGF-stimulated Rac1 and PAK activities, reduction of Cdc42 and Erk signaling, as well as mislocalization of ␤PIX. Together these studies position PKL as an integral component of growth factor and cell adhesion cross-talk signaling, controlling the development of front-rear cell polarity and directional cell migration.
INTRODUCTION
Directed cell migration requires front-rear cell polarization and plays a fundamental role during development, the innate immune response and wound repair as well as in tumor cell metastasis (Lauffenburger and Horwitz, 1996; Ridley et al., 2003) . Chemoattractant (e.g., growth factor) gradients in combination with extracellular matrix (ECM) cues provide the external stimuli necessary to establish and maintain the asymmetric shape of polarized cells, through the regulation of integrin-based cell adhesion and reorganization of the actin and microtubule cytoskeleton (Etienne-Manneville and Hall, 2002, 2008; Ridley et al., 2003) . For example, coordinated signaling between PDGF receptors and integrins in fibroblasts and vascular cells facilitates directional cell migration during organogenesis, blood vessel patterning, and wound healing (Heldin and Westermark, 1999; Duchek et al., 2001; Nagel et al., 2004; Wood et al., 2006) .
The nonreceptor tyrosine kinase FAK, in combination with the Src family kinases (SFKs), has emerged as a central effector, mediating cross-talk between activated growth factor receptor tyrosine kinases such as PDGF and engaged integrins Juliano, 2002) . In turn, FAK/Src regulates focal adhesion turnover and cytoskeletal remodeling (Webb et al., 2004; Zaidel-Bar et al., 2007) , through tyrosine phosphorylation of various key focal adhesion adapter proteins such as paxillin and p130Cas (Thomas and Brugge, 1997; Schlaepfer et al., 1999; Brown and Turner, 2004) , as well as critical regulators of Rho GTPase signaling including the guanine nucleotide exchange factors (GEFs) PIX, Vav, DOCK180, and GTPase-activating proteins (GAPs) such as p190RhoGAP and ASAP1 (Brown et al., 1998; Rossman et al., 2005; Feng et al., 2006; Chang et al., 2007) . Furthermore, morphology and migration assays indicate that adhesion and growth factor signaling through FAK/Src as well as the Erk/MAPK cascade are necessary for cell polarization during directed cell migration (Tilghman et al., 2005; Vicente-Manzanares et al., 2005; Owen et al., 2007; Platek et al., 2007) .
Critical to the development of front-rear polarity is the activation of the small GTPase Cdc42 (Ridley et al., 2003) , as well as the recruitment of active Rac1 to the cell's leading edge to promote localized activation of the actin polymerization machinery and the establishment of a dominant lamellipodium (Ridley et al., 2003) . The p21-activated kinase PAK, an effector of both Cdc42 and Rac1, plays a critical role in coordinating these events via interaction with ␤PIX (Cau and Hall, 2005) , which in turn can bind and recruit active Rac1 at the leading edge (ten Klooster et al., 2006) . Importantly, the mechanism through which active ␤PIX is selectively restricted to the front of polarized cells has not been determined.
The focal adhesion scaffold protein, paxillin has emerged as an important nexus for the regulation of Rho family GTPase signaling (Brown and Turner, 2004; Deakin and Turner, 2008) , through its ability to bind key regulators and effectors. In particular, the LD4 motif of paxillin, provides the docking site for a cassette of proteins including the Arf GAPs PKL/GIT2 or the closely related GIT1 (Premont et al., 1998 (Premont et al., , 2000 , linked in turn to PIX, PAK, and Nck (Turner et This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09 -07-0548) on September 23, 2009 September 23, . al., 1999 . Perturbation of the paxillin-PKL/GIT interaction results in the disregulation of Rac1 signaling and the formation of multiple random membrane protrusions, suggesting a key role in the spatial regulation of Rac1 activity (West et al., 2001) . Gene ablation of PKL/GIT2 in mouse neutrophils results in defective chemotaxis toward G-protein-coupled receptor ligands, fMLP and C5a (Mazaki et al., 2006) , and mutation of GIT in Caenorhabditis elegans exhibited defective gonad distal tip cell migration (Lucanic and Cheng, 2008) . RNA interference (RNAi) of PKL/GIT2 in HeLa cells also resulted in aberrant cell spreading and focal adhesion dynamics through disregulation of Rac1 and Cdc42, respectively (Frank et al., 2006) . Interestingly, PKL/GIT proteins are also substrates for FAK/Src and PKL tyrosine phosphorylation is necessary for Rac1-stimulated recruitment of the PKL-PIX-PAK-Nck complex to focal adhesions during cell spreading (Brown et al., 2005) , whereas recent studies identify an important function for GIT1 in EGF-dependent vascular smooth-muscle cell migration (Yin et al., 2005) . Herein we identify PKL/GIT2 as an integral component of growth factor-adhesion cross-talk controlling directed cell migration. We present evidence that PKL is tyrosine phosphorylated by FAK/Src in response to PDGF and that this posttranslational modification is critical for the regulation of Rac1 and Cdc42 GTPase activities, phospho-Erk signaling and thereby the development of front-rear cell polarity through its ability to interact with paxillin in focal adhesions and recruitment of ␤PIX and active PAK to the cell's leading edge.
MATERIALS AND METHODS

Reagents
The plasmids encoding pEGFP-C1 PKL wild type (WT), Y286/392/592F (3YF), paxillin-binding subdomain deletion (⌬PBS2), pEGFP-paxillin WT, and the ⌬LD4 mutant have been described previously (West et al., 2001; Brown et al., 2005) . Plasmids pKH3 HA-FAK WT and FAK kinase-dead (KD, K454R) were generously provided by Dr. Jun-Lin Guan (University of Michigan, Ann Arbor, MI). Super-FAK (K578/581E) has been described (Brown et al., 2005) . pLXSH Src WT, the KD mutant (K295R), and constitutively active Src (Y527F) were kindly provided by Dr. Jonathan Cooper (Fred Hutchinson Cancer Research Center, Seattle, WA); pcDNA3 Myc-Rac1 WT was provided by Dr. Marc Symons (Feinstein Institute for Medical Research at North Shore-LIJ, Manhasset, NY); pGEX-2T PAK3 p21-binding domain (PBD) was provided by Dr. Richard Cerione (Cornell University, Ithaca, NY); pGEX-2T WASp CRIB was provided by Dr. Nathalie Lamarche-Vane (McGill University, Montreal, QC, Quebec); and pcDNA3-HA Erk was provided by Dr. J. Silvio Gutkind (NIH, Bethesda, MD). Antibodies anti-PKL/GIT1, anti-paxillin (clones 165), anti-FAK, and anti-Erk were obtained from BD Transduction Laboratories (Lexington, KY); anti-Src was generously provided by Dr. Sheila Thomas (Harvard Medical School, Boston, MA); anti-hemagglutinin (HA) monoclonal 12CA5 was from Covance (Berkeley, CA); anti-Src pY418 and anti-FAK pY397 were from BioSource (Camarillo, CA); anti-myc (9E10), anti-green fluorescent protein (GFP), and anti-␣PAK (N-20) were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-␣-actinin was from Sigma (St. Louis, MO); IgG-purified anti-GFP was from Molecular Probes (Eugene, OR); anti-phosphotyrosine (clone 4G10) was from Upstate Biotechnology (Charlottesville, VA); and anti-PAK pS199/204 and anti-phospho-Erk1/2 were from Cell Signaling (Danvers, MA). PDGF-BB and the Src inhibitor PP2 were obtained from Sigma (St. Louis, MO).
Cell Culture and Mouse PKL RNAi Knockdown
Mouse embryonic fibroblasts (MEFs; Hagel et al., 2002) NIH 3T3 (ATCC, Manassas, VA), SYF Ϫ/Ϫ , and FAK Ϫ/Ϫ MEFs were cultured as previously described (Brown et al., 2005) . Transient transfection was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) or FuGene HD (Roche, Indianapolis, IN) at a reagent-DNA ratio of 3:1 according to the manufacturer's instructions. SiRNA oligonucleotides were designed to target all mRNA splice isoforms of mouse PKL/GIT2 (5Ј-CAATGGTGCTAACTCTATATT-3Ј and 5Ј-CAACTTCTTTCATCCTGAATT-3Ј). The control small interfering RNA (siRNA; 5Ј-AAACTCTATCTGCACGCTGAC-3Ј) was from Ambion (Austin, TX). PKL siRNA oligonucleotides were transfected into normal MEFs using Metafectene (Biontex-USA, San Diego, CA) according to the manufacturer's instructions. RNAi knockdown efficiency was determined by Western blotting with PKL/GIT1 antibody (BD Transduction Laboratories) and a PKL-specific antibody, kindly provided by Dr. Rick Horwitz (University of Virginia, Charlottesville, VA).
Immunoprecipitation and Immunoblotting
For endogenous PKL immunoprecipitation, cells were lysed in stringent lysis buffer (62.5 mM Tris-HCl, pH 6.8, 150 mM NaCl, 1% SDS, 10% glycerol, 20 g/ml aprotinin, 10 g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.2 mM sodium vanadate [NaVO 4 ]). For GFP-PKL or paxillin immunoprecipitation, cells were lysed in buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, 10% glycerol, 20 g/ml aprotinin, 10 g/ml leupeptin, 1 mM PMSF, and 0.2 mM NaVO 4 ) or modified radioimmunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 10% glycerol, 20 g/ml aprotinin, 10 g/ml leupeptin, 1 mM PMSF, and 0.2 mM NaVO 4 ). Forty-eight hours after transfection, cells were serum-starved for 5 h followed by stimulation with 20 ng/ml PDGF-BB for the time course indicated. Immunoprecipitation and Western blotting analyses were performed as previously described (Brown et al., 2005) . The quantification of Western blots was performed using NIH ImageJ software (http://rsb.info.nih.gov/ij/; NIH, Bethesda, MD).
Immunofluorescence and Microscopy Imaging
Cells were fixed and permeabilized with 3.7% paraformaldehyde and 0.5% Triton X-100 in PBS followed by procedures as previously described (Brown et al., 2005) . Samples were incubated with primary antibodies in PBS containing 3% BSA for 2 h, rinsed four times, and reincubated with secondary antibodies at room temperature for 1 h. Nuclei were visualized by staining with Hoechst 33342 (1 g/ml, Molecular Probes). Fluorescence imaging was performed on a Leica SP5 confocal microscope (Deerfield, IL) or Zeiss Axioskop microscope (Thornwood, NY) using a 63ϫ oil immersion objective. Images were captured using a CCD camera (Hamamatsu Orca ER, Bridgewater, NJ) or SPOT camera and processed using ImageJ software.
Modified Boyden Chamber Assay
The modified Boyden chamber assays were performed as previously described (LaLonde et al., 2006) . Briefly, the filter was coated on both sides with 5 g/ml human fibronectin (Sigma) for 2 h at room temperature. For the chemotaxis assay, PDGF-BB (20 ng/ml)-containing medium was added to the lower chamber to establish the growth factor gradient. Alternatively, for chemokinesis analysis, PDGF-BB (20 ng/ml)-containing medium was added to both upper and lower chambers to establish a uniform growth factor concentration. Transfected cells (5 ϫ 10 4 ) were plated in the upper chamber and cultured at 37°C, 5% CO 2 for 5 h. Cells on the top side of the filters were removed by a cotton swab followed by fixation with 3.7% paraformaldehyde in PBS (pH 7.4) for 15 min. RNAi treated or transfected cells that migrated to the bottom side of the filter were counted from 15 randomly chosen fields for each filter. For the GFP-PKL-transfected cells, GFP expressing cells served as the control population.
Cell Polarity and Migration Analysis
Transfected cells or RNAi treated cells were seeded on fibronectin-coated (5 g/ml) cover slips and cultured to confluency. Monolayers were scraped using a pipette tip and washed four times with prewarmed medium. Transfected cells at the wound edge were identified by immunofluorescence imaging. Time-lapse live-cell images were captured every 1 min for 60 min for membrane dynamics analysis or every 10 min for 6 h for evaluation of cell migration. A second set of cells was fixed and stained with rhodaminephalloidin or Alexa633 phalloidin for F-actin, anti-giantin for Golgi, anti-␤PIX (Chemicon, Temecula, CA) and Hoechst 33342 to visualize nuclei. Cells at the wound edge with Golgi polarized to the front-facing 120°sector were scored as positive for polarization.
RESULTS
Requirement of PKL in Directional Cell Migration and Cell Polarity
Endogenous PKL expression in MEFs was suppressed using siRNA, and scrape-wound assays were performed to assess the role of PKL/GIT2 in directional cell migration. Western blotting confirmed specific knockdown of PKL, but not its homologue GIT1 ( Figure 1A ). Time-lapse live-cell imaging, combined with cell centroid tracking, showed that PKL RNAi cells migrated less efficiently than control cells (Figure 1 , B and C), exhibiting significantly lower velocity as well as reduced directional persistence ( Figure 1C) . A second PKL siRNA targeting a separate sequence produced comparable results (Supplemental Figure S1 ). The role of PKL in directional cell migration was further evaluated by modified Boyden chamber assays. Cell chemotaxis toward PDGF-BB, an important physiological regulator of directed cell migration during wound repair, was reduced by ϳ75% in the PKL RNAi cells whereas chemokinesis analysis, which is a measurement of random cell migration, showed no significant difference to control cells ( Figure 1D ). These results indicate a role for PKL in growth factor-dependent directional cell migration, but not for random cell migration.
Polarized membrane protrusion as well as the reorientation of the Golgi toward the leading edge is the major feature of directional cell migration (Kulkarni et al., 2000; Ridley et al., 2003) . Examination of cells at the wound edge showed that control RNAi cells exhibited a typical polarized morphology with a broad lamellipodium facing into the wound, whereas PKL RNAi cells developed numerous small angular protrusions/retractions ( Figure 1E , Movies S1 and S2). Kymograph analysis confirmed that control RNAi cells protruded persistently, whereas PKL knockdown cells formed unstable protrusions that retracted frequently (Figure 1E, Supplemental Figure S1 ). Furthermore, PKL RNAi cells showed defective Golgi reorientation at the wound edge compared with control cells ( Figure 1F , Supplemental Figure S1 ). It is of note that at low cell density, control RNAi cells also developed stable protrusions with a broad single lamellipodium and exhibit persistent directional migration. In contrast, PKL knockdown cells exhibited unstable cell protrusive activity in multiple directions (unpublished observations). Thus PKL is required for the development of front-rear asymmetry necessary for directional cell migration. were plated for the scrape-wound healing assay, and images of cells at the wound edge were captured every minute for 1 h. Kymograph analysis of membrane protrusion was processed using NIH ImageJ software. (F) Role of PKL in cell polarization at the wound edge. Four hours after wounding, cells were fixed and stained with a Golgi marker (anti-Giantin, red), nucleus (Hoechst 33342, blue), and F-actin (Alexa633-phalloidin, gray). Percentage of cells exhibiting reoriented Golgi into the 120°s ector facing the wound was quantified. Random distribution of Golgi is predicted to be ϳ33% (red line). For statistical results, Student's t test, *p Ͻ 0.05, **p Ͻ 0.01. Scale bar, 10 m.
PKL Is Tyrosine Phosphorylated in Response to PDGF in an Adhesion-dependent Manner
Previous studies in our laboratory have demonstrated that cell adhesion to fibronectin stimulates PKL tyrosine phosphorylation (Brown et al., 2005) . To determine whether PKL is similarly regulated by soluble growth factors, we examined the PKL phosphotyrosine profile after PDGF-BB stimulation. As shown in Figure 2A , PKL (arrow, lower band) was transiently phosphorylated in response to PDGF-BB, reaching maximal phosphorylation at 5-10 min and gradually decreasing to basal levels by 30 min. The related protein GIT1 (top band) was also transiently tyrosine-phosphorylated consistent with previous reports (Yin et al., 2005) . Additionally, immunoprecipitation and Western blotting for GFP-PKL WT (wild-type), transiently expressed in MEFs, showed a similar profile of PKL tyrosine phosphorylation in response to PDGF-BB ( Figure 2B ). Thus, GFP-PKL was utilized as a reporter for the subsequent biochemistry and cell biology studies.
There is substantial evidence indicating that growth factor-induced signal transduction in adherent cell types is anchorage dependent, requiring cross-talk with integrin-dependent signaling pathways (Juliano, 2002) , and indeed PDGF-induced PKL tyrosine phosphorylation required adhesion to the ECM ( Figure 2C ). We have previously identified tyrosine residues 286, 392, and 592 on PKL as the major phosphorylation sites in response to cell adhesion on fibronectin (Brown et al., 2005) . Therefore, the phosphotyrosine profile of the GFP-PKL 3YF (Y286/392/592F) mutant was examined in PDGF-stimulated adherent MEFs. This mutant was not phosphorylated after PDGF treatment (Figure 2B ) indicating that these tyrosine residues encompass the major PDGF-induced phosphorylation sites and further suggesting that PKL represents a point of convergence of growth factor and adhesion signaling.
FAK and Src Kinases Are Essential for PKL Tyrosine Phosphorylation
SFKs function downstream of adhesion-dependent PDGF signaling to phosphorylate various focal adhesion proteins and thereby regulate cytoskeleton organization and cell motility (Thomas and Brugge, 1997) . To examine whether Src functions upstream of PKL, cells were treated with PDGF in the presence or absence of the Src inhibitor, PP2. GFP-PKL tyrosine phosphorylation in the presence of PP2 was significantly reduced but not completely abolished ( Figure 2D , Supplemental Figure S2A ). To further evaluate the role of Src activity, the PKL phosphorylation profile was examined in Src/Yes/Fyn null (SYF Ϫ/Ϫ ) MEFs (Klinghoffer et al., 1999 ) stimulated with PDGF and was only marginally increased over the serum-starved level (Figure 2E, Supplemental Figure S2B) . Reexpression of WT Src in the SYF Ϫ/Ϫ cells produced robust PDGF-dependent PKL phosphorylation, whereas cells expressing KD Src (K295R) only exhibited partial rescue, with a delayed peak of PKL tyrosine phosphorylation occurring at 10 min ( Figure 2E , Supplemental Figure S2B ). In addition, SYF Ϫ/Ϫ MEF reexpressing constitutively active Src (Y527F) demonstrated elevated PKL phosphorylation in unstimulated serum-starved cells that was further enhanced after the addition of PDGF ( Figure 2E , Supplemental Figure S2B ). These data suggest that Src kinase activity is required but not solely responsible for PKL tyrosine phosphorylation in response to PDGF. The increased phosphorylation of PKL after expression of the Src KD mutant further suggests that Src scaffold function (Schlaepfer et al., 1997) and/or other kinases are likely involved.
It is well-established that FAK cooperates with SFK to regulate focal adhesion protein tyrosine phosphorylation in response to cell-ECM adhesion and growth factor signaling Sieg et al., 2000; Moissoglu and Gelman 2003) . FAK autophosphorylation at tyrosine 397 facilitates Src association and activation through a FAK pY397-Src SH2 interaction (Schlaepfer et al., 1999) . Thus, we examined the potential role of FAK in PDGF-induced PKL tyrosine phosphorylation. GFP-PKL WT was transfected into FAK Ϫ/Ϫ MEFs and FAK Ϫ/Ϫ MEFs reexpressing FAK WT, FAK Y397F, or the FAK KD mutant (K454R). Immunoprecipitation and Western blotting showed that as with the SYF Ϫ/Ϫ cells, minimal PKL phosphorylation was detected in PDGF-stimulated FAK Ϫ/Ϫ MEF cells ( Figure 2F , Supplemental Figure S2C ), whereas reintroduction of FAK WT significantly increased PDGF-dependent PKL phosphorylation ( Figure 2F , Supplemental Figure S2C ). In contrast, PKL phosphorylation was lower in FAK Ϫ/Ϫ MEFs reexpressing the FAK Y397F and KD mutants ( Figure 2F , Supplemental Figure S2C ), whereas overexpression of "superactive FAK" (K578/581E; Brown et al., 2005) resulted in enhanced PKL tyrosine phosphorylation in serum-starved cells that was further enhanced by the addition of PDGF. The fact that FAK KD and the Y397F mutant induced modest increases in PKL phosphorylation ( Figure 2F , Supplemental Figure S2C ) suggests that FAK scaffold-dependent signaling (probably through Src), as well as FAK kinase activity are involved in PDGF-stimulated PKL tyrosine phosphorylation.
Src/FAK Phosphorylation of PKL Regulates Directional Cell Migration
The role of PKL tyrosine phosphorylation in directed cell migration during wound healing was further analyzed using time-lapse microscopy and centroid tracking. GFP-PKL WT expressing MEF cells exhibited a cell migration profile similar to parental cells. In contrast, cells expressing the PKL 3YF mutant were defective in migration velocity and directional persistence (Figure 3 , A and B, Movies S3 and S4). Importantly, inhibition of Src family kinases by PP2 treatment of GFP-PKL WT cells produced a comparable reduction cell migration rate and directional persistence ( Figure  3B , Movie S5). As an additional assessment of directional cell migration, modified Boyden chamber assays were performed to evaluate the role of PKL phosphorylation in the regulation of cell chemotaxis toward PDGF. PKL WT-transfected NIH 3T3 cells exhibited migratory capacity comparable to GFP-transfected control cells, whereas PKL 3YF expressing cells were significantly defective in their migration ( Figure 3Ca ). As noted above, both Src and FAK function upstream of PDGF-induced PKL tyrosine phosphorylation. Consistent with activation of this signaling axis, PP2 treatment of normal MEFs or NIH 3T3 cells expressing PKL WT also resulted in impaired chemotaxis toward PDGF ( Figure  3 , B and Ca). However, the precise role for Src in PDGFinduced chemotaxis remains controversial and may be celland/or assay-specific (Klinghoffer et al., 1999; Shah and Vincent, 2005) . Indeed, in our hands reintroduction of Src WT into SYF Ϫ/Ϫ MEFs resulted in a reproducible, albeit modest increase in chemotaxis (p ϭ 0.0508; Figure 3Cb ). Interestingly, reintroduction of Src WT along with GFP-PKL WT into the SYF Ϫ/Ϫ MEFs significantly (p Ͻ 0.05) rescued directional cell migration (Figure 3Cb) , suggesting that the amount of endogenous PKL may be a limiting factor. In contrast, reintroduction of FAK alone into FAK Ϫ/Ϫ MEFs or in combination with PKL produced a similarly robust rescue in chemotaxis (Figure 3Cc ). In contrast, Src or FAK reexpression together with the PKL 3YF mutant failed to rescue chemotaxis in either cell type ( Figure 3C, b and c) . Taken together, these data support a requirement for Src/FAKinduced PKL tyrosine phosphorylation in directed cell migration associated with wound healing and chemotaxis. Further studies will be required to determine whether FAK plays a more significant role than Src in this signaling axis.
PDGF Stimulates a PKL and Paxillin Interaction in a
Tyrosine Phosphorylation-dependent Manner PKL was originally identified as a binding partner for the paxillin LD4 motif (Turner et al., 1999) . This interaction and thus the recruitment of PKL to focal adhesions were found to require adhesion-dependent PKL tyrosine phosphorylation (Brown et al., 2005) . Whether this association is similarly regulated upon growth factor stimulation was determined by coimmunoprecipitation assays. Interestingly, the amount of GFP-PKL WT precipitated paxillin-mirrored PDGF-induced PKL phosphotyrosine content with maximal endogenous paxillin being precipitated by phosphorylated PKL after 5-10-min stimulation ( Figure 4A ). In striking contrast, little paxillin was detected in the GFP-PKL 3YF precipitates ( Figure 4A ). This result strongly indicates that PDGF-dependent PKL tyrosine phosphorylation is involved in the regulation of the paxillin-PKL association. To test if PDGF stimulated an interaction between endogenous paxillin and PKL, paxillin was immunoprecipitated from normal MEFs, and the blots were probed with PKL (GIT2)-specific or GIT1-specific antibodies. Both PKL and GIT1 transiently associated with the paxillin precipitates ( Figure 4B ), mirroring the PKL tyrosine phosphorylation profile in response to PDGF ( Figure 4A ). It is noteworthy that PKL interaction with paxillin was more transient than GIT1 in response to PDGF stimulation ( Figure 4B ). It suggests a distinct role of tyrosine phosphorylation in regulation of paxillin interaction with PKL.
PKL Tyrosine Phosphorylation and Its Interaction with Paxillin Regulates the Polarized Morphology Associated with Directional Cell Migration
To evaluate the role of PKL tyrosine phosphorylation in the regulation of cell polarity during directional cell migration, Golgi reorientation was assessed using the scrape-wound assay (Gomes et al., 2005) . GFP-PKL WT exhibited maximal reorientation of the Golgi apparatus toward the wound (p Ͼ 0.05) as with the nontransfected and GFP control cells (Figure 5) . In contrast, cells expressing GFP-PKL 3YF failed to reorient their Golgi ( Figure 5 ). Previous studies in our laboratory indicated that deletion of the PKL-binding paxillin LD4 motif also inhibits cell polarization and Golgi reorientation during the wound-healing process (West et al., 2001; Brown and Turner, 2004) . Because PKL tyrosine phosphorylation plays an important role in regulating the PKL-paxillin interaction (Figure 4) , a PKL ⌬PBS2 mutant, with a deletion of the paxillin-binding subdomain was expressed to directly address the role of the PKL-paxillin interaction in the regulation of cell polarity. As shown in Figure 5 , GFP-PKL ⌬PBS2 cells exhibited a significant defect in Golgi reorientation after wounding, similar to cells expressing the GFP-paxillin ⌬LD4 mutant ( Figure 5 ). These data suggest that PKL tyrosine phosphorylation resulting in the stimulation of a PKL-paxillin interaction is required for cells to develop and/or maintain the front-rear polarized morphology and thus regulate directional migration.
PKL and Its Tyrosine Phosphorylation Differentially
Regulates Rac1 and Cdc42 Activity PDGF stimulates the activation of the small GTPases Rac1 and Cdc42 to regulate directional cell migration (Ridley et al., 2003) . We therefore evaluated the role of PKL in the activation of both Rac1 and Cdc42 in PKL RNAi-treated MEFs by GST-pulldown assays using GST-PAK3 CRIB (for active Rac1) or GST-WASp CRIB (for active Cdc42) fusion proteins. Interestingly, RNAi depletion of PKL resulted in elevated basal activity of Rac1 in serum-starved cells, whereas the addition of PDGF further enhanced Rac1 activation ( Figure 6A ). In contrast, PKL RNAi inhibited PDGFmediated Cdc42 activation, compared with control RNAi cells ( Figure 6B ).
To evaluate a potential link between PKL phosphorylation and Rac1/Cdc42 activity, GFP-PKL and myc-Rac1 or mycCdc42 were coexpressed in NIH 3T3. After PDGF stimulation, PKL WT expressing cells exhibited a transient increase in Rac1 activity from 5 to 10 min followed by a decrease at later time points. However, the active Rac1 peak was routinely lower than the maximal Rac1 levels in GFP control cells ( Figure 6C ). In contrast, cells expressing the nonphosphorylatable PKL 3YF mutant demonstrated elevated levels of Rac1 activity even when serum-starved ( Figure 6C ), whereas PDGF-stimulated Rac1 activity peaked at 10 min and stayed elevated at later time points (30 -60 min; Figure  6C ). Interestingly, the prolonged Rac1 activity of cells expressing PKL 3YF has also been observed after integrin activation in cells expressing the PKL ⌬PBS2 or the paxillin ⌬LD4 mutants, as well as in FAK knockdown fibroblasts (West et al., 2001; Tilghman et al., 2005) . In contrast, Cdc42 activity, as with the PKL RNAi cells, was suppressed in PKL 3YF-expressing cells in response to PDGF compared with PKL WT (Figure 6D ). Together these results identify a role for PKL and its tyrosine phosphorylation in the temporal regulation of Rac1 and Cdc42 activities downstream of PDGF receptor activation and further suggest that the defect in persistent migration and cell polarization of PKL RNAi and PKL 3YF cells is likely due to both disregulation of Rac1-mediated membrane protrusions/ruffling and Cdc42-guided cell polarization of the Golgi and the microtubule cytoskeleton (Cau and Hall, 2005) .
PKL and Its Tyrosine Phosphorylation Regulates Erk Activity
Erk/MAPK activation downstream of growth factor and cell adhesion signaling plays a major role during directional cell migration via regulation of both focal adhesion turnover (Webb et al., 2004) and Golgi reorientation (Pullikuth and Catling, 2007) . Furthermore, paxillin and GIT1 scaffold Erk signaling to regulate growth factor-stimulated epithelial cell morphogenesis and vascular smooth-muscle cell migration, respectively (Ishibe et al., 2003 (Ishibe et al., , 2004 Yin et al., 2005) . To evaluate the potential role of PKL in mediating Erk activity, PDGF activation of Erk was examined in PKL RNAi cells. PDGF stimulation induced a transient increase of Erk activity in control cells as measured by the level of phospho-Erk, whereas PKL knockdown significantly suppressed the PDGF-induced phospho-Erk signals ( Figure 7A ). Because the PKL phosphorylation mutant significantly reduced both PDGF-induced chemotaxis and Golgi reorientation in scrape-wound assays (Figures 3 and 5) , we examined the correlation between PKL tyrosine phosphorylation and Erk activity. Fibroblasts cotransfected with GFP, GFP-PKL, or GFP-PKL 3YF and HA-Erk were stimulated with PDGF.
Compared with the GFP control, GFP-PKL WT cells demonstrated slightly elevated phospho-Erk levels that were not statistically significant. In contrast, the PKL 3YF mutant reduced PDGF-induced Erk phosphorylation at all timepoints ( Figure 7B ), suggesting that PKL protein and its tyrosine phosphorylation are required for proper Erk activity that in turn facilitates Golgi reorientation (Bisel et al., 2008) as well as directional cell migration (Klemke et al., 1997; Pullikuth and Catling, 2007) .
PKL Tyrosine Phosphorylation Is Required for Polarized ␤PIX Localization and Proper PAK Activity during Directed Cell Migration
The asymmetric distribution of a ␤PIX and PAK complex to the leading edge and stimulation of PAK activity has been suggested to play a role in restricting local Rac1 activity to the leading edge in migrating cells to facilitate polarized actin cytoskeleton assembly (Cau and Hall, 2005; ten Klooster et al., 2006) . Because the PKL-␤PIX-PAK-Nck cassette is recruited by paxillin to focal adhesions in response to integrin engagement during cell spreading (Turner et al., 1999; Brown et al., 2002 Brown et al., , 2005 , we sought to determine whether PKL also regulates the redistribution ␤PIX during polarized cell migration. Using the scrape-wound assay, indirect immunofluorescence analysis was performed to examine the localization of GFP-PKL as well as endogenous ␤PIX and paxillin in leading-edge cells. In contrast to paxillin, which exhibited robust focal adhesion staining throughout the ventral surface, ␤PIX and GFP-PKL were asymmetrically enriched in the focal adhesions toward the front of the cells at the wound edge (90.0 Ϯ 8.8%; Figure 8A ). In contrast, expression of GFP-PKL 3YF, which is unable to bind paxillin and target to focal adhesions (Brown et al., 2005) , resulted in a punctate distribution of endogenous ␤PIX in the cytosol, with substantially reduced localization of ␤PIX to the focal adhesions at the leading edge (24.1 Ϯ 3.7%), whereas paxillin targeting to adhesions throughout the cell was not affected ( Figure 8B , Supplemental Figure S3 ). Thus PKL tyrosine phosphorylation plays an important role in the polarized recruitment of ␤PIX to the leading edge of migrating cells.
Although the PKL interaction with paxillin facilitates the recruitment of the PKL-␤PIX-PAK-Nck complex to adhesions, the role of PKL targeting and its tyrosine phosphorylation in the regulation of PAK serine/threonine kinase activity has not been formally tested. PAK kinase activity, as measured by phosphorylation within the N-terminal inhibitory domain using phospho-S199/204 -specific PAK antibody (Cau and Hall, 2005) , was transiently activated upon PDGF stimulation in control RNAi cells ( Figure 9A, B) , as previously reported (Bokoch, 2003) . In contrast, PAK activity was disregulated in PKL RNAi cells, demonstrating an elevated basal level and prolonged phosphorylation in response to PDGF stimulation ( Figure 9B ). To further examine whether PKL tyrosine phosphorylation is involved in PAK modulation, we cotransfected GFP-PAK with PKL WT or the 3YF mutant. Interestingly, expression of the PKL phosphotyrosine mutant resulted in a similar disregulation in PAK activity after PDGF stimulation compared with PKL WT or GFP control cells ( Figure 9C ). Because of antibody limitations we were unable to determine the subcellular localization of the active PAK in either PDGF-stimulated cells or in the wounded monolayer. Nevertheless, these results indicate that PKL phosphorylation and its recruitment to focal adhesions is required for the temporal regulation of PAK activity. . Quiescent cells were stimulated with PDGF (20 ng/ml) at indicated time points, and exogenous PKL was precipitated with GFP antibody, followed by Western blotting for phosphotyrosine (4G10), GFP, paxillin (clone 165), and ␣-actinin antibodies. Lysates were blotted with paxillin antibody. (B) To demonstrate a growth factor-dependent interaction between endogenous PKL and paxillin, quiescent and PDGF-stimulated MEFs were precipitated with paxillin (clone 165) antibody followed by probing with anti-PKL or GIT1. Blotting for ␣-actinin served as a negative control. Lysates were blotted with pan-PKL/GIT1 and paxillin antibodies.
DISCUSSION
Recent work in both mouse and worms has indicated an important role for PKL/GIT in migration-dependent physiological events such as development and the immune response (Mazaki et al., 2006; Lucanic and Cheng, 2008) . However, the mechanism by which PKL/GIT coordinated these events was not determined. Our analysis of cell migration and morphology in PKL RNAi fibroblasts (Figure 1) indicated that their defective wound healing or chemotaxis toward a PDGF gradient was primarily the result of disregulated membrane protrusion activity, combined with defects in Golgi reorientation toward the wound edge and thus a loss of directional persistence of migration.
FAK and Src kinases play a critical role in coordinating cell morphology and motility upon cell adhesion and growth factor stimulation (Huveneers and Danen, 2009) , and cells devoid of FAK or Src kinases are defective in front-rear polarity, Golgi reorientation, and directional cell migration (Klinghoffer et al., 1999; Sieg et al., 2000; Magdalena et al., 2003; Tilghman et al., 2005; Owen et al., 2007) . Importantly, we determined that PKL is tyrosine-phosphorylated by Src/FAK in response to PDGF (Figure 2 ) and that disruption of this signaling axis, either through pharmacologic inhibition of their kinase activity, genetic ablation of Src/FAK, or the introduction of a nonphosphorylatable PKL 3YF mutant, produced comparable defects in cell persistence ( Figure 3 ) and Golgi positioning (Figure 5 ), therefore indicating PKL as a major downstream effector of FAK/Src in coordinating polarized motility. Our results suggest that both the kinase activity and scaffold function of FAK and Src are involved in PDGF-induced PKL tyrosine phosphorylation. Future studies will be directed toward evaluating if there is a temporal hierarchy in Src-versus FAK-mediated phosphorylation of PKL and whether FAK and Src phosphorylate different PKL tyrosine residues to elicit distinct downstream effects.
PKL is recruited to focal adhesions during cell spreading via an interaction between its PBS2 domain and the LD4 motif of paxillin (Turner et al., 1999) and localization requires both PKL phosphorylation as well as activation of Cdc42/Rac1 (Brown et al., 2005) . We have previously reported that expression of a paxillin LD4 mutant promotes random membrane protrusions (West et al., 2001 ) and prevents Golgi reorientation at the wound edge (Brown and Turner, 2004 ). Herein we demonstrate that PDGF also stimulates an association between PKL and paxillin ( Figure 4 ) and show that expression of a PKL PBS2 mutant produces similar defects in Golgi repositioning. Thus tyrosine phos- phorylation of PKL, downstream of Src/FAK activation, functions as a regulatory signaling axis for the development of front-rear cell polarity and directional cell migration through its interaction with paxillin. The mechanism by which PKL tyrosine phosphorylation contributes to its enhanced paxillin binding remains to be determined. One possibility is that phosphorylation, combined with PAK signaling (Brown et al., 2002) imparts a conformational change, thereby functionally unmasking the PKL PBS2 domain. Alternatively, phosphorylation of PKL enhances interactions with the SH2 domains of several scaffold proteins including Nck and Crk (Brown et al., 2005 ) that may in turn link PKL to other focal adhesion proteins, including paxillin or p130Cas (Brown and Turner, 2004; Smith et al., 2008) , to stabilize PKL localization to adhesions. PAK-dependent phosphorylation within the paxillin LD4 motif at the leading edge may further regulate the PKL-paxillin interaction as previously reported for the related protein GIT1 (Nayal et al., 2006) .
It is well established that tight control of the spatiotemporal activity of the small GTPases Cdc42 and Rac1 plays a critical role in regulation of cytoskeletal organization, cell shape change, and polarized cell migration (Hall, 1998; Bokoch, 2003; Ridley et al., 2003; Pankov et al., 2005) . Cdc42 is locally activated both at the leading edge (Itoh et al., 2002; Nalbant et al., 2004) , where it is required for restricting plasma membrane extension to the leading edge via a PAKdependent process (Cau and Hall, 2005) , and within the trans-Golgi network (Nalbant et al., 2004) , where it controls repositioning of the Golgi/centrosome through activation of the Par6/aPKC complex (Nobes and Hall, 1999; EtienneManneville and Hall 2001) . Temporal and spatial restriction of Rac1 activation to the leading edge (Kurokawa et al., 2004) is driven in part by integrin engagement with the ECM Figure 6 . PKL and PKL tyrosine phosphorylation mediates Rac1 and Cdc42 activities. (A and B) Control RNAi and PKL RNAi cells were cultured in serum-free medium for 4 h. Cells were stimulated with 20 ng/ml PDGF (10 min) followed by lysis. Rac1 activity was determined by GST-PAK CRIB pulldown assay and blotting with Rac1 antibody (A). Cdc42 activity was determined by GST-WASp CRIB pulldown assay and blotting with Cdc42 antibody (B). (C and D) NIH 3T3 were cotransfected with myc-Rac1(C) or myc-Cdc42 (D) and GFP, GFP-PKL WT, or 3YF. Serumstarved and PDGF-stimulated (5, 10, 30, and 60 min) cells were lysed and incubated with GST-PAK CRIB or GST-WASp CRIB followed by Western blotting with myc (9E10) antibody to determine the effect on Rac1 or Cdc42 activation, respectively. Changes in Rac1 (A or C) or Cdc42 (B or D) activities were quantified relative to basal level (denoted as 1) in serum-starved RNAi control cells or GFP control cells (n ϭ 3). Error bar, SEM. Student's t test, *p Ͻ 0.05. (Huveneers and Danen, 2009) and is necessary for activation of the actin polymerization machinery to drive stable membrane protrusion (Merlot and Firtel, 2003; Wittmann et al., 2003; Pankov et al., 2005) . Both FAK/Src and paxillin have multiple connections to the regulation of these signaling pathways through both direct interactions with GEFs and GAPs as well as certain effector proteins (Brown and Turner, 2004; Playford and Schaller, 2004; Huveneers and Danen, 2009) . For example, FAK and/or paxillin both associate with the p120RasGAP-p190RhoGAP complex, thereby controlling polarized cell migration by suppressing RhoA and indirectly promoting Rac1 activity at the leading edge (Tsubouchi et al., 2002; Tomar et al., 2009) . Paxillin phosphorylation by Src/FAK can also bind a complex containing Crk, ELMO, and the atypical GEF, DOCK 180 complex to further activate Rac1 signaling (Cote and Vuori, 2007) .
Paxillin, via interaction with phosphorylated PKL, also facilitates the localization of the Cdc42 and Rac1 GEF ␤PIX, as well as PAK in nonpolarized cells (Brown et al., 2005) . However there are conflicting reports regarding whether the recruitment of the PKL/GIT-␤PIX-PAK-Nck complex to adhesions promotes (Nayal et al., 2006) or terminates (Brown and Turner 2002; Nishiya et al., 2005) local Rac1 and PAK signaling. Importantly, ␤PIX becomes localized to adhesions at the leading edge of polarized fibroblasts, possibly via a Cdc42-and PAK-dependent event (Cau and Hall, 2005) . Although the targeting partner for ␤PIX was unclear from this study, the localized recruitment of ␤PIX and PAK was found to be necessary for Rac1-dependent actin polymerization and membrane extension at the leading edge (Cau and Hall, 2005) . Here we demonstrated that knockdown of PKL, disruption of the paxillin-PKL interaction or impairment of PKL tyrosine phosphorylation results in suppression of PDGF-stimulated Cdc42 activity and disregulation of both Rac1 and PAK activities (Figures 6 and 8) . In addition, expression of the PKL 3YF phosphorylation mutant, presumably by functioning as a dominant negative, reduced the localized recruitment of ␤PIX to paxillin-rich adhesions at the leading edge of cells in the wounded monolayer. Combined with the propensity of PKL 3YF cells to exhibit nonpolarized membrane protrusion activity (Brown et al. et al., 2005;  and Yu and Turner, data not shown), these results suggest that PKL recruitment to paxillin is both necessary for the polarized recruitment of ␤PIX, as well as the tight spatial and temporal control of PAK, Cdc42, and Rac1. They are also consistent with the proposed role for locally active PAK in the recruitment ␤PIX (Cau and Hall, 2005) to these adhesions as well as the requirement for active Cdc42/Rac1 and PAK in the targeting of the stable PKL-␤PIX-PAK complex to paxillin (Brown et al., 2002; Schober et al., 2007; Zhang et al., 2008) . In addition to its GEF activity, ␤PIX may also promote localized membrane protrusion via a direct interaction with active Rac1 (ten Klooster et al., 2006) . Furthermore, the specificity of ␤PIX GEF activity toward Cdc42 versus Rac1 can be regulated through an interaction between the ␤PIX dimer and the scaffold protein 14-3-3 (Angrand et al., 2006; Chahdi and Sorokin, 2008) . Paxillin and PKL/GIT also bind to 14-3-3 proteins via phosphorylation-dependent interactions (Angrand et al., 2006; Deakin et al., 2009) . Thus local changes in the phosphorylation status of these proteins may further finetune the local Cdc42 and Rac1 signaling via ␤PIX.
As noted, PKL RNAi or disruption of PKL targeting to adhesions blocked Golgi reorientation toward the wound edge. The redirecting of the Golgi and microtubule organizing center/centrosome is required for directed secretion toward the leading edge to both maintain front-rear polarity and promote persistent migration (Etienne-Manneville, 2008) . Our studies implicate PKL and its tyrosine phosphor- ylation at two levels. First the suppression of Cdc42 activity ( Figure 6 ) likely blocks signaling to a key Cdc42 effector Par6, which through activation of aPKC drives microtubule assembly toward the leading edge (Etienne-Manneville, 2008). Second, growth factor-stimulated Erk activation was also inhibited after PKL knockdown or mutant expression (Figure 7 ). Active Erk, in addition to being required for focal adhesion turnover via modulation of myosin contractility were fixed and stained with ␤PIX (in red) and paxillin (in blue) 1 h after wounding. Enrichment of ␤PIX in focal adhesions toward the front of wound-polarized cells was evaluated in relation to paxillin adhesion staining and GFP-PKL WT (A) or GFP-PKL 3YF distribution (B). Scale bar, 10 m. (Klemke et al., 1997; Webb et al., 2004) and directional cell migration (Klemke et al., 1997; Matsubayashi et al., 2004) , is necessary for Golgi condensation and reorientation through phosphorylation of the Golgi protein GRASP65 (Bisel et al., 2008; Yadav et al., 2009) . It remains to be determined precisely how PKL mediates Erk activation, but FAK/Src kinases, as well as PAK via Raf activation are required for the spatiotemporal activity of Erk (Schlaepfer et al., 1999; Pulikuth and Catling, 2007) . The PKL family member GIT1 interacts with Erk and facilitates its role in the regulation of cell migration (Yin et al., 2005) ; the ability of PKL to bind Erk has not been tested. FAK is also able to bind directly to PKL/GIT proteins (Zhao et al., 2000; Brown et al., 2005) and thus PKL/GIT1 may scaffold for the Src/FAK-dependent recruitment and activation of Erk at focal adhesions (Fincham et al., 2000) . Interestingly, active Erk may subsequently be trafficked to the Golgi network via recycling endosomes (Pulikuth and Catling, 2007) to mediate its polarization, a process potentially regulated via the intrinsic Arf GAP activity of PKL/GIT proteins (Premont et al., 1998 (Premont et al., , 2000 . Further studies will determine precisely how PKL and paxillin coordinate FAK/Src and PAK activity to control Erk activity and function during directed cell migration.
Finally, paxillin or FAK ablation in mice is embryonic lethal (Sieg et al., 2000; Hagel et al., 2002) , and recent studies in vivo have shown that deletion of the PDGF receptor in mice or paxillin in Xenopus laevis resulted in impaired cell polarity and directional cell migration (Iioka et al., 2007; Pickett et al., 2008) , giving rise to the developmental defect spina bifida and abnormal convergent extension, respectively (Iioka et al., 2007; Prasad and Montell, 2007; Llense and Martin-Blanco, 2008; Pickett et al., 2008) . Furthermore, Rho family GTPase signaling, as well as PAK activity, was significantly disrupted in the absence of the PDGF receptor (Pickett et al., 2008) . Additionally, a point mutation (S360N) in PKL was linked to human glioblastoma multiforme, a common, invasive and lethal brain tumor (Parsons et al., 2008) . The coordination of intracellular signaling events to promote persistent migration is of paramount importance for organism development, homeostasis, and various pathologies. Thus, it will be important to further dissect the potential role of PKL and its binding partners, paxillin and ␤PIX-PAK, in the progression of these processes. 
